We report results of systematic de Haas-van Alphen (dHvA) studies on Ce 1−x Yb x CoIn 5 single crystals with varying Yb concentration. For x = 0.1, the well-known Fermi surfaces and the heavy effective masses of CeCoIn 5 (x = 0) have changed only slightly. We start to observe changes of the Fermi-surface topology at x = 0.2 leading to a drastic reconstruction above x = 0.55. At these concentrations, the effective masses are reduced considerably to values between 0.7 and 2.6 free electron masses. For both YbCoIn 5 and CeCoIn 5 , the angular-resolved dHvA frequencies can be very well described by conventional density-functional theory calculations. Projection of the Bloch states onto atomic Yb-4f orbitals yields a 4f occupation of 13.7 electrons, in agreement with previous experimental results indicating an intermediate Yb valence of +2.3.
I. INTRODUCTION
The interplay of partially filled 4f or 5f orbitals with conduction-band electrons is a key ingredient for the emergence of heavy-fermion behavior. The resulting Kondo resonances modify the electronic-excitation spectrum and the Fermi surface concomitant with heavy effective band-structure masses.
1 These correlated electrons may further lead to nonFermi-liquid behavior and unconventional superconductivity often in conjunction with a quantum critical point (QCP), i.e., a zero-temperature phase transition tuned by some external control parameter such as pressure, magnetic field, or composition. 2 In this context, typical representatives are compounds containing the 4f rare earths Ce and Yb.
One example is CeCoIn 5 , an ambient-pressure superconductor with a record-high superconducting transition temperature for Ce-based compounds of T c = 2.3 K. 3 A number of experimental facts point to an unconventional d x 2 −y 2 type of superconductivity (see Ref. 4 
and references therein).
There are indeed indications that CeCoIn 5 is close to an antiferromagnetic QCP, situated just on the low-pressure side, i.e., negative pressure would be needed to reach it. 5 As a unique feature, there exists a further magnetic-field-driven antiferromagnetic QCP near the upper critical field. [6] [7] [8] [9] It has been speculated, that at an antiferromagnetic QCP the Fermi surface changes when the system crosses over from a normal antiferromagnetic metal to a strongly correlated Fermi liquid. 10 This makes our study of the influence of Yb doping on the Fermi surface in CeCoIn5 of particular interest.
At low temperatures with magnetic fields near H c2 , the phase transition from the normal to the superconducting state becomes first order 11 and a second superconducting phase appears at high magnetic fields and even lower temperatures. 12, 13 This led to suggest that in CeCoIn 5 a Fulde-Ferrell-LarkinOvchinnikov (FFLO) 14, 15 state is realized. Some recent neutron-diffraction results, however, show that in this phase antiferromagnetic order with a fixed magnetic wave vector appears, 16, 17 which is in stark contrast to the expected ground state proposed by FF and LO. 18 This unusual but fascinating appearance of antiferromagnetism inside the superconducting phase is a challenge for our understanding and has led to considerable theoretical efforts. 19 Besides pressure and magnetic field, substitutional changes on the different lattice sites in CeCoIn 5 have served as useful tuning parameters for the study of the quantum-critical behavior. 4, [20] [21] [22] [23] [24] [25] [26] For example, an analysis of the entropy change between the normal and superconducting state combined with nuclear quadrupolar resonance seems to indicate that superconductivity is destroyed locally around the dopant center for substitutions on both the rare-earth as well as the indium site. 26 Moreover, the substitution on the rare-earth site has been found to influence the Kondo-lattice coherence and Cooper pairing in a rapid and uniform way. 20 Yb substitution, however, shows a different behavior 4, 24, 25 in that T c and the Kondo-coherence temperature do not scale, in contrast to other heavy-fermion compounds. 27 In its divalent state, Yb is expected to act as a nonmagnetic dilution destroying the Kondo coherence and superconductivity. Recent experiments, though, indicate 25 or have found evidence 24 for an intermediate valence of Yb in Ce 1−x Yb x CoIn 5 that might explain the observed features.
In order to better understand the electronic properties of Ce 1−x Yb x CoIn 5 , we performed a detailed study of the Fermi surface and effective-mass evolution as a function of Yb concentration. High-quality single crystals with different Yb dilution were investigated by de Haas-van Alphen (dHvA) measurements. The experimentally observed Fermi-surface topology is in excellent agreement with the calculated band structure of YbCoIn 5 . As evidenced by full-potential localorbital (FPLO) calculations, the resulting valence of Yb is intermediate with +2.3. For small Yb concentration, x = 0.1, the effective masses remain strongly renormalized, whereas for x 0.2 the masses are considerably reduced approaching the unrenormalized band-structure masses of YbCoIn 5 .
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II. METHODS
The single crystals of Ce 1−x Yb x CoIn 5 were grown from excess-In flux. 3 Details of their characterization can be found in Ref. 4 . We have carefully measured the torque, τ = M × B, caused by the anisotropic magnetizationM as a function of magnetic field B for samples with nominal Yb concentrations of x = 0, 0.1, 0.2, 0.3, 0.5, 0.55, 0.85, 0.95, and 1. For these measurements, performed at the HLD in Dresden, we utilized capacitive cantilever torquemeters that could be rotated in situ around one axis. The cantilevers were mounted either inside a 3 He cryostat equipped with a 15-T superconducting magnet or in the 3 He/ 4 He mixture of a toploading dilution refrigerator inside a 20-T superconducting magnet. We could resolve dHvA oscillations for the samples with x = 0, 0.1, 0.55, 0.85, 0.95, and 1.
In extension of this study, we performed further highfield torque measurements at the Grenoble branch of the Laboratoire National des Champs Magnétiques Intenses. The samples with x = 0.1 and 0.2 were measured up to 35 T in a toploading dilution refrigerator equipped as well with a rotatable capacitive cantilever. This extended field range allowed us to resolve magnetic quantum oscillations for x = 0.2 as well as additional dHvA frequencies for x = 0.1.
Band-structure calculations were done in the framework of density-functional theory (DFT) with a generalized gradient approximation for the exchange-correlation energy functional 28 using the ABINIT code in the projector augmented wave formalism. 29 The wave functions were expressed with a plane-wave basis up to an energy cutoff of 40 Ha (1088 eV). The Brillouin zone was sampled with a 16 × 16 × 16 kpoints grid. The crystal structures were fully relaxed. The calculated unit-cell parameters are found to be 1.1% smaller than experimental data in YbCoIn 5 and 1.5% in CeCoIn 5 .
30
To obtain a more detailed description of the electronic structure in the Brillouin zone, maximally localized Wannier functions 31 were constructed which allowed to interpolate the Fermi surface on a very fine k-points grid and, hence, calculate the area of cross sections of the Fermi surface efficiently and precisely. Typically, a grid of 800 × 800 was used to determine the area of a Fermi surface. The interpolated k grid for the calculation of the cross-section area of the Fermi surface is refined up to an accuracy of 10 −4Å−2 which corresponds to 10 T on the dHvA frequency.
The occupation of the Yb-4f states was evaluated with the full-potential local-orbital (FPLO) code, 32,33 version 9.01, using the same parametrization of the exchange-correlation functional as in the ABINIT calculations and experimental structure parameters. 30 The FPLO valence basis set comprised the following states: Yb-4f , 5s, 5p, 5d, 5f , 6s, 6p, 6d, 7s; Co-3s, 3p, 3d, 4s, 4p, 4d, 5s; In-4s, 4p, 4d, 5s, 5p, 5d, 6s, 6p. A linear tetrahedron method with Blöchl corrections with a k mesh of 33 × 33 × 20 points in the full Brillouin zone was used for the k-space integrations. Spin-orbit coupling was included by employing a full relativistic four-component mode.
III. RESULTS AND DISCUSSION
We measured the field-dependent magnetic torque for nine different Yb concentrations and could observe magnetic seven fundamental frequencies for CeCoIn 5 . For the latter, the strongest spectral peaks are labeled α 1 to α 3 according to the assignment of earlier studies to which we find very good agreement both in the dHvA frequencies as well as in the effective masses (discussed below). 34, 35 In our measurements up to 20 T, we could just barely resolve dHvA signals for Ce 0.9 Yb 0.1 CoIn 5 [inset of Figs. 1 and 2(a)] and no oscillations for the samples with Yb concentrations of x = 0.2, 0.3, and 0.5. For that reason, we extended the magnetic-field range up to 35 T in a 1-week experiment at the Grenoble High Magnetic Field Laboratory. By that, we were able to detect dHvA oscillations for the sample with x = 0.2 and a number of additional dHvA frequencies for x = 0.1.
The oscillating torque signals for these two samples for magnetic fields applied 5
• or 3
• off the c direction are shown in the insets of Fig. 3 . The Fourier transformations (main panels of Fig. 3 ) allow to disentangle at least six dHvA frequencies for each compound. The spectral distribution of these frequencies is, however, clearly different for the two concentrations. Whereas for x = 0.1 the spectrum is almost identical to that of the pure CeCoIn 5 sample, the dHvA spectrum for x = 0.2 has obviously changed. For the latter, the α orbits between 4 and 6 kT are absent and new orbits at 2 kT appear [labeled F 4 and F 5 in Fig. 3(b) ]. On the other side, the dHvA frequencies below 1000 T are only seen for Ce-rich samples. Consequently, for x = 0.2 the dHvA frequency spectrum reflects a mixture of CeCoIn 5 and YbCoIn 5 band structures.
Upon rotating the samples, we carefully measured the angular dependences of the dHvA frequencies (Fig. 4) . From that, some principal features of the Fermi-surface topologies can be extracted. We may categorize the observed angular changes as follows. The low-frequency dHvA signals F 1 and F 2 in the Yb-rich samples are observable for almost all field orientations with nearly constant frequencies, i.e., for rotations around the [010] direction, 010 , as well as around the c axis, 001 . 36 The same statement can be made for the and γ orbits in CeCoIn 5 and in the samples with x = 0.1 and 0.2. This correlates with one strongly corrugated or two small closed three-dimensional Fermi surfaces. Other dHvA frequencies (F 3 to F 9 ) can be traced over an extended angular range and follow roughly a 1/ cos( ) dependence, where here is the angle with respect to the c axis. The dashed line in Fig. 4 The Fermi surfaces shown in Fig. 5 with some highlighted extremal orbits from ab initio DFT calculations account for the measured dHvA signals in YbCoIn 5 . The found topologies are very similar to calculated Fermi surfaces of other 115 compounds without 4f contributions to the band structure. 37 The calculated angular dependences of the corresponding dHvA frequencies are shown as the solid lines in Fig. 4(g) . Obviously, the frequencies F 1 and F 2 originate from the orbits γ 1 and γ 2 of the closed, highly deformed Fermi-surface sheet centered around . A corrugated cylindrical Fermi surface at the corner of the Brillouin zone gives rise to the frequencies F 3 to F 6 . Two of the extremal orbits are sketched as α 1 and α 2 in Fig. 5 . Another highly corrugated Fermi surface surrounding the former warped cylinder explains with the orbits β 1 and β 2 the frequencies F 7 [and probably as well the satellite F 8 -see Fig. 2(b) ] and F 9 . The final calculated multiconnected Fermi surface accounts with the shown δ orbit for the dHvA frequency F 13 . It may be responsible as well for some other experimentally observed dHvA frequencies. The complicated topology of this Fermi surface, however, leaves a definite assignment ambiguous.
With decreasing Yb concentration, we observe only small changes of the dHvA frequencies, i.e., of the Fermi surfaces of x = 0.95, 0.85, and 0.55 [Figs. 4(f)-4(d) ]. The low-frequency dHvA spectra (Fig. 2) remain almost unchanged, whereas the higher frequencies belonging to the β and multiconnected Fermi-surface sheets move slightly (Fig. 2) . The clear observation of these changes, especially of the different shifts of the low-and high-frequency dHvA spectra, reflects the true 245119-4 in YbCoIn 5 . 24 As a reminder, Yb 2 corresponds to a closed 4f shell, whereas Yb 3 corresponds to a 4f 13 configuration. In order to check the compatibility of this finding with the present data and calculations, we evaluated the Yb-4f occupation, n 4f , using the FPLO code and found n 4f = 13.7. Thus, the occupation number found in the present ordinary density-functional calculations using the generalized gradient correction is in accordance with the previously measured intermediate valence state.
Clearly different Fermi surfaces are apparent for the Ce-rich samples with x = 0 and 0.1 [Figs. 4(a) and 4(b) ]. There are two low-frequency dHvA signals, γ and , that probably arise from two small ellipsoidal Fermi surfaces around the and X points (Fig. 6 and Ref. 34) . The α orbits showing a quasi-two-dimensional angular dependence can be explained by a corrugated cylindrical Fermi surface that has approximately twice the area compared to the α sheet in YbCoIn 5 . The β 1 and β 2 frequencies can be assigned to orbits of a complicated multiconnected Fermi surface with strongly renormalized heavy masses. 34 As mentioned, the sample with x = 0.2 reveals dHvA frequencies composed of both kinds of Fermi-surface topologies.
From the temperature dependences of the dHvA oscillation amplitudes the effective cyclotron masses m * have been determined for selected angles. Some typical data for the α and F 7 orbits are shown in Fig. 7 (see also Table I ), along with their fits and corresponding effective masses, according to the Lifshitz-Kosevich theory. 38, 39 It is immediately evident that the dHvA signals for the Ce-rich samples diminish very quickly with temperature corresponding to large effective masses of roughly ten times the free-electron mass m e . 40 This reflects the strong renormalization of the masses due to many-body interactions. It should be mentioned that, in line with our findings, a considerable field, spin, and angular dependence of Fig. 4(a) .
the effective masses in CeCoIn 5 was found. 34, 35 This reflects that Kondo physics is relevant and that possibly quantum critical fluctuations also play a role.
As opposed to low Yb concentrations, the effective masses of samples with concentrations of x = 0.55 and above are considerably smaller, i.e., only about 1.4m e , allowing to observe the dHvA signals up to much higher temperatures. Indeed, the effective masses for all observed bands in materials of this Yb concentration range are small and lie between 0.7m e and 2.6m e which clearly shows that heavy-fermion physics is not an issue here. 41 For the sample with x = 0.2, we as well find only relatively light effective masses in the range of 2m e -5m e for the observed orbits at 32 T. (Fig. 2) did not allow to determine the effective mass of the γ 2 (F 2 ) orbit experimentally. b The weak dHvA amplitude prevented a reliable effective-mass determination (F 6 in Fig. 2 ).
From the DFT calculations, we find effective masses for a magnetic field along the c direction to be near 1 m e as reported in Table I . These are calculated using
where A is the area of the Fermi surface cross section. For YbCoIn 5 , the experimental values are only slightly larger, most probably due to many-body interactions. The band structure depicted in Fig. 8(a) shows that the Yb-f density of states peaks 0.5 eV below the Fermi energy. It is almost zero at the Fermi level where the most significant contribution is from Co-d orbitals. We find that including spinorbit coupling does not change the band structure near the Fermi level despite the proximity of the f electrons.
In CeCoIn 5 , the calculated frequencies are 5.6, 4.7, and 3.9 kT for the α 1 , α 2 , and α 3 orbits, respectively, for fields along the c direction. These values are in good agreement with the experimental data. Similar to YbCoIn 5 , we find that spin-orbit coupling does not affect much the Fermi surface. The associated effective masses are much lower than the experimental data ( Table I ). The partially filled Ce-f orbitals [ Fig. 8(b) ] are expected to be strongly correlated, therefore not correctly described by our calculations. This explains why we find the correct Fermi surface but lower effective masses. Adding a Hubbard term on localized orbitals such as it is done in DFT + U, is known to improve the agreement between theory and experimental data for compounds with f electrons. 43 More sophisticated approaches, such as DFT + DMFT (dynamical mean field theory), could also improve our results. 44 It remains to be seen if such methods could improve the agreement of the effective masses for CeCoIn 5 , but this falls outside of the scope of the present study.
The Yb-concentration dependence of the measured effective masses contradicts the specific-heat results reported in Refs. 4 and 25 where up to x = 0.55 almost no change of the Sommerfeld coefficient and for higher concentrations up to x = 0.8 only a moderate reduction of the electronic specific heat is observed. This indicates that heavy itinerant quasiparticles still evolve up to such high Yb concentrations and that they even form the superconducting condensate. The latter is evidenced by the observed large anomalies in the specific heat at T c . 4, 25 In our dHvA data, however, we cannot resolve any heavy quasiparticle for x 0.2. A possible reason for that might be a disorder-induced strong scattering making the observation of quantum oscillations in some presumably still existing heavy-electron 4f bands impossible. A likely candidate might be the band that gives rise to the complicated multiconnected Fermi surface resulting in the β orbits in CeCoIn 5 . 34 For both of these orbits, β 1 and β 2 , we find effective masses of about 53m e at 13 T and 010 = 7
• . For x = 0.1, we estimate an effective mass of about 26m e for the β 2 orbit [ Fig. 3(a) ] at 32 T. This mass is about a factor of 2 smaller than for pure CeCoIn 5 , but here a possible field dependence might lead to this mass reduction. 45 From the magnetic-field dependence of the dHvA signals, we can estimate the Dingle temperatures, which are directly proportional to the scattering rates, for the different samples. This, however, can be done reliably only for the orbits giving the strongest dHvA amplitudes. From that, we find that the Dingle temperatures increase from 0.3 K for CeCoIn 5 over 0.7 K for x = 0.1 to values of about 5.5 K for x = 0.2 and 3.5 K for x = 0.55. Assuming that the scattering rates are similar for all orbits within one sample, the latter high Dingle temperatures indeed would not allow for a detection of heavy-mass orbits (such as the β orbits in CeCoIn 5 ) for x = 0.2 and x = 0.55.
Anyway, the persistence of the Kondo coherence with even high Yb dilution and the emergence of superconductivity out of presumed heavy-mass bands with strong disorder is highly unusual. Some ideas on possible cluster formations of strongly correlated Yb impurities have been suggested in order to explain the robust Kondo state and the different evolution of the physical properties of Yb doping versus La doping in CeCoIn 5 . 26, 46 These seem to suggest that the Kondo holes around Yb dopants do not lead to strong additional scattering, which, for example, is the case for La doping. 47 Such an ansatz would allow us to reconcile with the low effective masses and well-resolved dHvA signals in the Yb-rich materials proving their well-ordered crystalline structure.
IV. CONCLUSION
We performed a comprehensive investigation of the Fermisurface evolution with Yb substitution in Ce 1−x Yb x CoIn 5 via the analysis of dHvA oscillations and the comparison to bandstructure calculations. This is a dHvA investigation studying a continuous transition from the heavy-fermion limit (CeCoIn 5 ) to the mixed-valence limit in YbCoIn 5 where we prove an Yb valence of +2.3. This is further a dHvA study where data could be collected for nearly the entire concentration range in a system with a full lattice of magnetic moments, albeit with two different kinds in this case. The topology change we observe is consistent with what is expected from the band structure. For a small Yb concentration, x = 0.1, the band-structure topology and the effective masses remain nearly unchanged compared to CeCoIn 5 . This contrasts clearly modified Fermi surfaces and light, almost unrenormalized effective masses for x = 0.2 and above. These observations cannot explain the heavy-fermion physics observed in specific-heat and resistivity data even for high Yb concentrations. Thus, we postulate the existence of heavy quasiparticles with short mean free paths, not detectable by dHvA experiments. However, the mechanism by which superconductivity can emerge from these charge carriers remains elusive.
